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Summary 
Cloud and solar zenith angle (SZA) are two major factors that influence the 
magnitude of the biologically damaging UV (UVBD) irradiances for humans. 
However, the effect on the short wavelength cut-off due to SZA and due to clouds has 
not been investigated for biologically damaging UV for cataracts. This research aims 
to investigate the influence of cloud and SZA on the short wavelength cut-off of the 
spectral UVBD for cataracts. The spectral biologically damaging UV for cataracts on 
a horizontal plane was calculated by weighting the spectral UV measured with a 
spectroradiometer with the action spectrum for the induction of cataracts in a porcine 
lens. The UV spectra were obtained on an unshaded plane at a latitude of 29.5o S. The 
cut-off wavelength (λc) was defined as the wavelength at which the biologically 
damaging spectral irradiance was 0.1% of the maximum biologically damaging 
irradiance for that scan. For the all sky conditions, the short wavelength cut-off 
ranged by 12 nm for the SZA range of 5 to 80o and the maximum in the spectral 
UVBD ranged by 15 nm. Similarly, for the cloud free cases, the short wavelength cut-
off ranged by 9 nm for the same SZA range. Although, cloud has a large influence on 
the magnitude of the biologically damaging UV for cataracts, the influence of cloud 
on the short wavelength cut-off for the biologically damaging UV for cataracts is less 
than the influence of the solar zenith angle. 
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Introduction 
The high incidence of cataracts is a serious public health problem as it is the primary 
cause of loss of vision in humans1. Approximately two million cataract surgeries are 
performed annually in the United States2. This constitutes a serious public health 
problem. UV radiation damages the human eye lens, hastening the deterioration that 
leads to age-related cataracts3. UVB radiation (280 – 320 nm) has been established as 
a significant risk factor for cortical cataracts4. A previous study on Chesapeake Bay 
watermen has determined a link between high UVB exposures and increased risk of 
cortical cataract5. Additionally, previous research has concluded that the UVA 
wavelengths (320 – 400 nm) and perhaps visible radiation may also be implicated in 
the etiology of cortical cataracts in humans6,7,8. The UVA induced changes in the lens 
are affected by compounds that accumulate in the human eye. Different compounds 
have different roles and act as potential sensitizers, anti-oxidants or benign filters7,8. 
Examples of suggestions that have been made to reduce ocular exposures to solar UV 
radiation are the wearing of sunglasses and hats1,5. 
 
The effectiveness of the UV radiation for producing damage to human tissue is 
wavelength dependent and it is characterised by the action spectrum for that process. 
Weighting of the UV spectrum with the action spectrum for a particular process 
provides the biologically damaging UV (UVBD) for that process. This allows taking 
into account the relative wavelength sensitivity of the biologic target. For cataracts, 
there is currently no action spectrum for the induction of cataracts in humans. An 
action spectrum for in vitro UV induced cataracts in a porcine lens has been 
provided9. This action spectrum has a high relative response at the short UVB 
wavelengths and a response that extends to 365 nm.  
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 The effect of cloud cover on the horizontal plane biologically damaging UV 
irradiances for cataracts has been investigated10. This research reported 85% of the 
recorded spectra over a six month period with a measured irradiance to a cloud free 
irradiance ratio of 0.6 and higher, while 76% produced a ratio of 0.8 and higher. For 
certain configurations of clouds, the biologically damaging solar UV can be enhanced 
by clouds above that of the clear sky irradiances. These cases of cloud enhanced UV 
have been investigated for unweighted UV11 and for biologically damaging UV for 
cataracts12. For the cases of cloud enhanced UV, the average ratio of the measured 
UVBD to calculated cloud free UVBD for the cataracts action spectrum was 
1.25±0.09. Other factors influencing the ocular UVBD are the solar zenith angle 
(SZA), albedo, clouds and aerosols. These factors influence both the amount and the 
distribution of solar UVBD. There is also the human factor such as the degree of lid 
opening that influences the amount of ocular exposure13. Additionally, the shade 
environment is important as the relative proportion of diffuse UV compared to global 
UV is higher in tree shade than it is in full sun14. 
 
The solar UV spectrum varies primarily with solar zenith angle, clouds, atmospheric 
ozone and aerosols. Previous research has investigated the variation of the erythemal 
UV spectrum and the shortest wavelength contributing to the erythemal UV with time 
of day and time of year15. However, the effect on the short wavelength cut-off due to 
SZA and due to clouds has not been investigated for biologically damaging UV for 
cataracts. Consequently, the research question investigated in this paper is how does 
the biologically damaging UV for cataracts on a horizontal plane vary throughout the 
year due to clouds and the solar zenith angle.  Specifically, the variation with solar 
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zenith angle and cloud of the short wavelength cut-off spectral UVBD for cataracts 
will be investigated for the period of a year. 
Materials and methods 
Spectral UV 
The spectral data was collected on a horizontal plane for the range of solar zenith 
angles, atmospheric and cloud conditions encountered over the period of a year from 
January to December 2003 at the Southern Hemisphere sub-tropical site of 
Toowoomba, Australia (27.6 oS, 151.9 oE, 693 m above sea level). The UV 
spectroradiometer employed has a double grating monochromator with a pair of 
holographic gratings with 2400 lines/mm (model DTM300, Bentham Instruments, 
Reading, UK). Details of this instrument are provided in Parisi and Downs10. Briefly, 
the input optics are provided by a diffuser (model D6) connected by a one metre long, 
4 mm diameter optical fibre to the input slit of the monochromator. A bandwidth of 
0.5 nm is provided by input and output slit widths on the monochromator of 0.37 mm. 
The spectroradiometer is controlled by the BenWin+ software (Bentham Instruments, 
Reading, UK) on a computer that is located in the laboratory and connected via an 80 
m cable. The software set-up schedule allows the spectroradiometer to scan from 
dawn to dusk for each five minute period. The wavelength range employed was from 
290 to 400 nm in increments of 0.5 nm. Each measured spectrum takes approximately 
2 minutes to complete. 
 
The spectroradiometer is mounted in an environmentally sealed container (Envirobox, 
Bentham Instruments, Reading, UK) that is attached to an unshaded roof at the 
University of Southern Queensland (USQ). The cosine error of the diffuser as 
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determined by the manufacturer is less than ±0.8% for a SZA up to 70o and 3.3% for 
an SZA of 80o. The dark count of the instrument is measured prior to each scan and 
taken into account with the spectroradiometer software subtracting the amount for 
each scan. The equipment was irradiance calibrated on 17 March 2003 and 10 
December 2003, employing a 150 W quartz tungsten halogen (QTH) lamp calibrated 
to the National Physical Laboratory, UK standard. At the same time, the instrument 
was wavelength calibrated against the UV spectral lines of a mercury lamp. Between 
these two calibration points, the wavelength calibration and the irradiance stability 
were checked on a two weekly to monthly basis against a mercury lamp and three sets 
of 150 W QTH lamps respectively. 
 
The temperatures inside the container housing the spectroradiometer are software 
recorded every 5 minutes at the time of a scan. The instrument was not temperature 
stabilised in 2003. In order to correct for variations in temperature, the manufacturer 
supplied temperature coefficients of -0.4% /oC were applied to temperature correct the 
data employed in this research.  
Cut-off wavelength 
Each of the UV spectra was weighted at each 0.5 nm increment with the appropriate 
weighting factor for the respective wavelength from the action spectrum for the 
induction of porcine cataracts9 to calculate the biologically damaging UV for cataracts 
UVBDcat. This action spectrum has been employed due to the absence of an action 
spectrum for the induction of cataracts in humans. The data for this action spectrum 
was interpolated between the data points to 0.5 nm points by employing linear 
interpolation.  
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For each scan, the wavelength at which the maximum irradiance for the biologically 
damaging spectral irradiance (λmax) occurred was determined. In order to determine 
the cut-off wavelength, a consistent definition was employed. Previous research on 
the variation of the erythemal UV spectrum15 has employed a definition of the 
wavelength at which the irradiance was 1% of the maximum irradiance for that scan. 
In this current research, there was still a significant irradiance at 1% of the maximum 
irradiance. Consequently, the cut-off wavelength (λc) was defined as the wavelength 
at which the biologically damaging spectral irradiance was 0.1% of the maximum 
biologically damaging irradiance for that scan. 
 
The amount of cloud cover was quantified by a Total Sky Imager (model TSI-440, 
Yankee Environmental Systems, MA, USA) that is currently installed on a building 
roof at the University at a distance of approximately five metres from the 
spectroradiometer. The system has been previously described10,16 and it automatically 
determines the percentage of cloud cover at each five minute interval, corresponding 
approximately to the start of the scan of the spectroradiometer. The cases with less 
than 2% cloud cover were classified as cloud free. 
Results 
A typical clear sky solar UV spectrum and the associated spectral biologically 
damaging UV for cataracts is provided in Figure 1. The UVBD is the area under the 
curve. This data is for 3 January with the spectral scan starting at 10.35 am with an 
SZA of 19o. The dips in the spectrum are as a result of the Fraunhofer absorption lines 
due to absorption at specific wavelengths by the elements in the solar atmosphere. As 
a result of the weighting of the action spectrum, the maximum of the weighted 
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spectrum has shifted to shorter wavelengths, compared to the maximum irradiances of 
the unweighted spectrum. The peak is in the UVB waveband with a low intensity tail 
extending into the UVA.  
 
The wavelength of the maximum in the weighted spectral irradiance is provided in 
Figure 2 as a function of SZA. The λmax ranged from 303 nm for small SZA to 318 
nm for an SZA of 80o. Employing these λmax, the short wavelength cut-offs were 
calculated. The influence of cloud on the cut-off wavelength was investigated by 
considering a clear day and a cloudy day as shown in Figure 3. The data shown is on 
the 14 January (clear day) and 12 January (cloudy day) from 8:10 EST to 16:10 EST. 
On the cloudy day, the amount of cloud cover as measured by the Total Sky Imager 
ranged from 2% to 99%. The influence of the cloud cover on the irradiances of the 
UVBDcat for these days is highlighted by considering the irradiance for the clear day 
and the cloudy day (Figure 4). Although the total irradiance varies by a factor of 
approximately up to four due to the cloud, the cut-off wavelength has only a minor 
variation due to the effect of cloud. The effect of SZA has a bigger influence than 
cloud on the cut-off wavelength with it ranging from 290.5 to 295 nm from noon to 
16.10 EST. 
 
Similarly, Figure 3 shows the variation of the cut-off wavelength with SZA for a clear 
day and a cloudy day in winter. The cut-off wavelength ranged from 292.5 to 296 nm 
for the clear day and from 293 to 296.5 nm for the cloudy day from noon to 16.30 
EST. For the two days in summer and the two days in winter, the cut-off wavelength 
at 9:00 EST and 15:00 EST, along with the minimum cut-off wavelengths are 
provided in Table 1. 
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 The cut-off wavelength for the biologically damaging UV for cataracts as a function 
of SZA during the year for all the sky conditions encountered is shown in Figure 5. 
There are more than 18,114 data points for all cloud conditions. The daily 
atmospheric column ozone over the measurement location as obtained from the 
TOMS website for the year of 2003 and at the time of the satellite overpass varied 
from a minimum of 241 DU (Dobson Units) to a maximum of 338 DU with an 
average of 278.5 DU. The cut-off wavelength ranged from 290.0 nm for the small 
SZA to 301.5 nm for an SZA of 80o. For the data presented in this figure, the cloud 
free cases have been selected by employing the data on the fractional cloud cover 
from the Total Sky Imager. There were less than 7,889 data points for cloud-free 
conditions. For these cloud free cases, the cut-off wavelengths have been provided in 
Figure 5(b) and the cut-off wavelength ranged from 290.0 nm for the small SZA to 
299 nm for an SZA of 80o.  
 
The spread of the cut-off wavelengths at each SZA is less for the cloud free cases, 
however the general variation of the cut-off wavelength with SZA for the cases of all 
sky conditions and cloudy conditions is similar. The statistical package SPSS (version 
12.0.1) was employed to determine the relationship between the cut-off wavelength 
(λc) and SZA: 
 
λc = 288.79 + 0.967 × SZA nm 
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with an R2 of 0.84 and standard errors of the constant and slope of ±0.017 nm and 
±3×10-4 respectively. Similarly, Figure 5(b) shows the cut-off wavelength versus SZA 
for cloud free conditions and a line of best fit of: 
 
λc = 288.93 + 0.973 × SZA nm 
 
with an R2 of 0.81 and standard errors of the constant and slope of ±0.03 nm and 
±5×10-4  respectively.  
Discussion 
This research has investigated the influence of clouds and SZA on the short 
wavelength cut-off and the wavelength at which the maximum occurs for the spectral 
biologically damaging solar UV for in vitro UV induced cataracts on a horizontal 
plane. This action spectrum has been reported to be comparable to in vivo action 
spectra for the induction of cataractous changes9. Although the action spectrum 
employed was for cataracts in a porcine lens, it is expected to provide information on 
the relative effectiveness of the biologically damaging wavelengths for cataracts in 
humans. Previous research has investigated the influence of cloud on the biologically 
damaging UV for erythema and clouds10. The variation of the short wavelength cut-
off for erythema has been investigated15. However, this is the first report on the 
influence of cloud and SZA on the short wavelength cut-off of the biologically 
damaging solar UV spectrum for cataracts. The short wavelength cut-off of the solar 
biologically damaging UV spectrum influences the amount of biologically damaging 
UV. The value of the cut-off has been determined at five minute intervals over a year, 
with the exception of the periods when the instrumentation was not operating. 
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Consequently, the results incorporate the cloud, ozone, SZA and other atmospheric 
conditions experienced throughout the year at the site.  
 
On a summer’s day, the short wavelength cut-off varied by 4.5 nm over the period 
from noon to 16.10 EST. The effect of cloud on the short wavelength cut-off was 
minimal, whereas in comparison there was a significant effect due to cloud on the 
biologically damaging irradiances. Similarly, on a winter’s day, the influence on the 
short wavelength cut-off was larger due to the SZA than due to cloud. 
 
For the all sky conditions, the short wavelength cut-off ranged by 12 nm for the SZA 
range of 5 to 80o and the maximum in the spectral UVBD ranged by 15 nm. Similarly, 
for the cloud free cases, the short wavelength cut-off ranged by 9 nm for the same 
SZA range. There is a smaller spread of the short wavelength cut-offs, however the 
least squares fit to the variation of the cut-off wavelength with SZA are similar for 
both the all sky and cloud free cases. Although, cloud has a large influence on the 
biologically damaging UV for cataracts, the influence of cloud on the short 
wavelength cut-off for the biologically damaging UV is less than the influence of the 
solar zenith angle. 
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Table 1 – The minimum cut-off wavelengths for the spectral UVBD and the cut-off 
wavelengths at 9:00 and 15:00 EST on clear and cloudy days in summer and winter.  
 λc at 9:00 EST 
(nm) 
Minimum λc  
(nm) 
λc at 15:00 EST 
(nm) 
Clear day summer 292.5 290.5 292.5 
Cloudy day summer 292.5 290.5 292.5 
Clear day winter 295.5 292.5 295.5 
Cloudy day winter 295.5 293.0 296.0 
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Figure Captions 
Figure 1 – Typical clear sky spectral biologically damaging UV for cataracts (left 
axis) and the associated solar UV spectrum (right axis).
 
Figure 2 – The wavelength at which the maximum spectral UVBDcat occurs for all 
cloud conditions. 
 
Figure 3 – The cut-off wavelengths for the times of the day on a summer’s day and a 
winter’s day for (a) a clear day and (b) a cloudy day.
 
Figure 4 – The corresponding UVBD for the (a) clear and (b) cloudy days.
 
Figure 5 – The cut-off wavelength for the biologically damaging UV for cataracts as a 
function of SZA during the year for (a) all sky conditions (b) and the cloud free cases.
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Figure 1 – Typical clear sky spectral biologically damaging UV for cataracts (left axis) and 
the associated solar UV spectrum (right axis). 
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Figure 2 – The wavelength at which the maximum spectral UVBDcat occurs for all 
cloud conditions. 
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Figure 3 – The cut-off wavelengths for the times of the day on a summer’s day and a 
winter’s day for (a) a clear day and (b) a cloudy day. 
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Figure 4 – The corresponding UVBD for the (a) clear and (b) cloudy days.
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Figure 5 – The cut-off wavelength for the biologically damaging UV for cataracts as a 
function of SZA during the year for (a) all sky conditions (b) and the cloud free cases. 
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